A9 and A10, and showed 16-nm periodicity [ Fig. 4 , B, D, and I; pink dot in Fig. 4 (E and F) and Fig. 5C ]. MIP3 was the largest and lay between protofilaments B9 and B10 with 16 nm-periodicity [ Fig. 4 , C, D, and I; red dot in Fig. 4 , E and F, and Fig. 5C ]. The MIPs were present in all outer doublets and in both sea urchin (Fig. 4 , G to I) and Chlamydomonas (Fig. 4 , A to F), suggesting that they are universal features of axonemes. Although material has previously been seen in the lumen of doublets from insect and human sperm (29) , MIPs have not been recognized as a consistent, periodic feature of outer doublets. Images of homogenized, high salt-extracted sea urchin sperm flagella also revealed features inside doublet MTs (30) , but this study was limited by nonphysiological conditions and by the anisotropic resolution that is characteristic of single-axis tomography ( fig. S1 ).
Doublet MTs treated with increasing concentrations of ionic detergents dissolve in a defined sequence: first the outer portion of the B tubule, then the rest of the B tubule, followed by the outer portion of the A tubule and then the remainder of the A tubule, leaving a ribbon of three protofilaments (31) . Our axonemes were incubated in physiological buffers, but occasionally they contained a few partially dissolved doublets that were consistent with this pattern of disintegration. In one example, the A tubule was intact, but only protofilaments B9 to B11 remained; these still bound MIP3 (Fig. 4 , J and K), suggesting that MIPs give structural stability to MTs protofilaments. Several small ligands, such as Taxol, interact with the luminal side of the MT wall and affect polymer stability (32) . Perhaps MIPs alter doublet stability in a similar way. Doublet stability may also be affected by the especially robust ribbon of three protofilaments that include tubulin, tektin, and several tightly associated proteins (28) . Tektin may also associate with the DRC and IDAs (33) . Notably, MIP1 was in the A tubule close to the DRC, and MIP3 was in the B tubule near the attachment of nexin (Fig. 5C ). Perhaps the MIPs provide structural reinforcement at sites of mechanical stress and information transfer. The further characterization of these proteins may provide valuable physiological and therapeutic insights.
Future comparisons between wild-type and mutant axonemes should help to define the function of additional components in the axoneme. Work on mutant axonemes from human patients may also help to clarify the underlying causes of diseases related to flagellar and ciliary dysfunction. Given the complexity of axoneme structure and the biological importance of its many functions, cryo-ET is likely to play a major role in clarifying both the normal and abnormal mechanisms of this conserved biological machine. We have measured the quantum yield for exciting the motion of a single Co atom in CoCu n linear molecules constructed on a Cu(111) surface. The Co atom switched between two lattice positions during electron excitation from the tip of a scanning tunneling microscope. The tip location with highest probability for inducing motion was consistent with the position of an active state identified through electronic structure calculations. Atom motion within the molecule decreased with increased molecular length and reflected the corresponding variation in electronic structure.
A tom manipulation with the scanning tunneling microscope (STM) is accomplished by using a tunable chemical bond between the adatom and the scanning tip and/or local electronic excitations via the tunneling electrons (1) (2) (3) . The dynamics of atomic motion during such processes can be followed by analyzing the noise in the tunneling signal (4, 5) . Such atomic motion is ultimately controlled by both the energy landscape and the type of excitation and relaxation pathways the atoms encounter, as revealed by recent tunneling noise spectroscopy studies for single atoms and small molecules (6) (7) (8) (9) (10) (11) . Through clever design of molecular configurations, energy barriers can be engineered to facilitate long-range motion in larger molecular nanostructures (12) .
In this report, we demonstrate that motion of a single atom within a larger nanostructure can be induced by using electron excitation mechanisms in the STM. The use of tunneling noise spectroscopy measurements, together with den- *To whom correspondence should be addressed. E-mail: joseph.stroscio@nist.gov sity functional calculations, allows us to study molecular stability and the energy barriers hindering atom motion, each as a function of nanostructure size. In the CoCu n linear structures we studied, we mapped the probability for inducing motion and found it is localized on the atomic scale but is not centered over the adatom whose movement is induced. These probability maps are found to be consistent with the location of a resonant state that overlaps the Fermi edge (chemically active Bfrontier[ molecular orbitals). We also show how to use the quantum electronic structure of the linear nanostructure to Btune[ the atom dynamics by changing the energy barriers for motion.
We built CoCu n linear chain nanostructures by using STM atom manipulation techniques (1-3, 13). The construction began by bringing together two Cu atoms to form a Cu 2 dimer and then attaching a single Co atom to the dimer ( fig. S1 , A to C). The Co atom resides in the same facecentered cubic (fcc) site as the Cu atoms, resulting in a linear configuration (Fig. 1A) . The Co atom can be induced to switch to the nearby hexagonal close-packed (hcp) site to create a canted molecular configuration (Fig. 1B) . This switching occurred when inelastic electron tunneling injected energy into the Co-Cu bonds and caused vibrational excitation ( fig. S1C and Fig. 1C ). Noise features in the STM topograph are seen on the left side of the Co atom, corresponding to imaging the Co atom in the linear configuration (Fig. 1A ) part of the time and in the canted configuration (Fig. 1B) at other times as the image is acquired. Noise features were not observed at very low tunneling biases, which produced an image of a stationary linear molecule. Low-frequency (È1 Hz) noise, on the time scale of the STM scan, was observed to begin at È10 mV bias ( Fig. 1C ) and suggested an energy threshold for atom motion.
The tunneling noise associated with the Co atom in the CoCu 2 molecule switching between the fcc and hcp sites exhibits two-state random telegraph noise characteristics (Fig. 1D  inset) . Random telegraph noise is associated with an exponentially distributed residence time distribution (Fig. 1D) , which is fit to yield the average residence time, t, for the atom in a particular state. Insight into the mechanisms and energy barriers for the atom motion can be obtained from determining the atom transfer rate, R 0 t -1 , and quantum yield (probability of switching per tunneling electron), (It/e) -1 , as a function of tunneling current, I, and voltage, V (4-11). For the CoCu 2 molecule and a tunneling bias voltage of 40 mV, the transfer rate for the Co atom from the fcc site is observed to vary as a power law in the tunneling current, I N , where N 0 1.3 T 0.1 (Fig. 2B) . The near-unity value of N implies a predominantly single-electron process for switching the Co atom in the CoCu 2 molecule.
A clear, single voltage threshold of È15 mV, largely independent of the initial current setpoint, was observed in the quantum yield measurements ( Fig. 2A) . The nearly constant quantum yield above threshold is consistent with the near-unity power-law dependence of transfer rate versus current, because the tunneling current is linear in bias voltage in this voltage range. We interpret these results by using a model where the Co atom overcomes the po- (14-17) , a small fraction of electrons tunnels inelastically into a CoCu 2 state to create a positive-or negative-ion resonance state. While an electron is temporarily trapped in this state, the CoCu 2 molecular ion resides on an excited-state potential until the resonance decays on the time scale of femtoseconds and leaves the molecule in an excited vibrational state. If the electron energy is sufficient to place this excited vibrational state near the top of the potential barrier, bond breaking can occur. When the energy relaxation rate is much faster than the tunneling rate, a single-step or few-steps excitation is favored; bond breaking occurs after a minimum number of inelastic scattering events contributes a total energy sufficient to overcome the potential barrier. In this resonance tunneling model, the voltage threshold of È15 mV corresponds to the potential barrier height for the Co atom in the CoCu 2 molecule to transfer between fcc and hcp sites.
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We also examined the spatial distribution of the excitation probability for inducing motion. NaBvely, we might expect the probability to be centered over the atom of interest. The STM topographic image in Fig. 1C , however, shows that Co atom switching is only observed when the STM probe tip is in a certain location. More detailed measurements were made by recording the tunneling noise spectrum at each pixel along with the STM topography to obtain simultaneous atom dynamics and STM topographic data. The noise spectra at each lateral position were analyzed to obtain a spatial map of transfer rates and quantum yields for leaving the fcc and the hcp sites. The spatial map of the quantum yield (Fig. 2C) for Co atom motion for the CoCu 2 molecule shows that the probability for inducing motion is localized on the atomic scale and is positioned to the left of the Co atom. Density functional theory (DFT) calculations link the vibrational coupling excitation to a resonant d state localized on the Co atom (Fig. 3, A and C) . The localized position of the quantum yield (Fig. 2C) is consistent with the calculated density of states at the Fermi level (E F ), which shows a maximum to the left of the Co atom, and demonstrates the need to inject energy into the appropriate Co-Cu substrate bond (Cu atom labeled no. 1 in Fig. 1A ) to move the Co atom from the favored fcc site. This insight raises the possibility that molecular orbital analysis may be used to guide the design and the control of single-atom manipulation by STM in nanostructures.
Varying the Cu chain length affects the quantum electronic states of the molecule (18), in turn influencing the atom dynamics. We systematically varied the CoCu n molecular structure by building longer Cu segments. Topographic images of CoCu n molecules with n values from 2 to 5 display a varying degree of tunneling noise near the Co atom (Fig. 3B) . The noise feature is seen to diminish with longer molecular length and is almost absent when n reaches 5, indicating increased stability of the Co atom in the fcc site. DFT calculations elucidate the electronic origins for this trend, focusing on a state (Fig. 3A) that is both localized near the Co atom and important at low tunneling bias voltages. Analysis of the calculated density of states shows a depletion of active Co d states at E F as the molecular chain length increases. This depletion of active states at E F is consistent with the observed lower quantum yield for motion (Fig. 4A) .
In addition to the overall reduction in quantum yield, the threshold voltage for excitation appears to shift to higher energy with longer molecular length (Fig. 4A) . This shift indicates that the Co atom at the fcc site experiences a higher potential barrier to transfer from the fcc to the hcp site. By directly comparing the energies of the linear and canted configurations (Fig. 1, A and B) , DFT calculations once more provide an understanding of the atom motion. Figure 4B shows the variation in energy as the Co atom moves from the fcc site to the hcp site for three molecular lengths. As the Cu chain increases, so does the energy difference between fcc and hcp sites and the energy barrier dividing them (Fig. 4B) . These trends correspond to a stabilization of the linear configuration of the molecule and explain the experimental observation of increased stability of the fcc site as n increases (Figs. 3B and 4A) . The motion of the Co atom becomes progressively hindered as the Cu chain length increases, because more atoms in the Cu chain must bend away from their energetically favored fcc positions, as is illustrated in Fig. 4C , where the resulting lateral shifts of the Cu chain atoms from their ideal positions are plotted for different chain lengths.
Because the smallest atomic-scale switch will likely involve modulating the electrical conductivity through the control of a single atom, the extension of studies such as this to semiconductor and insulating thin films could point the way to new classes of atomic-scale electronic and magnetic devices. We describe the synthesis of bilayer graphene thin films deposited on insulating silicon carbide and report the characterization of their electronic band structure using angle-resolved photoemission. By selectively adjusting the carrier concentration in each layer, changes in the Coulomb potential led to control of the gap between valence and conduction bands. This control over the band structure suggests the potential application of bilayer graphene to switching functions in atomicscale electronic devices.
C arbon-based materials such as carbon nanotubes (CNTs), graphite intercalation compounds, fullerenes, and ultrathin graphite films exhibit many exotic phenomena such as superconductivity (1) (2) (3) and an anomalous quantum Hall effect (4-6). These findings have caused renewed interest in the electronic structure of ultrathin layers of graphite, such as graphene: a single hexagonal carbon layer that is the building block for these materials. There is a strong motivation to incorporate graphene multilayers into atomic-scale devices, spurred on by rapid progress in their fabrication and manipulation.
We studied the valence band (VB) structure of a bilayer of graphene and demonstrated that through selective control of the carrier concentration in the graphene layers, one can easily tune the band structure near the Dirac crossing. Similar control can be achieved in principle by varying the electric field across the bilayer film in an atomic-scale switching device.
The electronic states of graphene can be well described within basic calculational schemes (7) (8) (9) . Graphene is a flat layer of carbon atoms arranged in a hexagonal lattice with two carbon atoms per unit cell. Of the four valence states, three sp 2 orbitals form a s state with three neighboring carbon atoms, and one p orbital develops into delocalized p and p* states that form the highest occupied VB and the lowest unoccupied conduction band (CB). The p and p* states of graphene are degenerate at the corner (K point) of the hexagonal Brillouin zone (BZ) (Fig.1A) . This degeneracy occurs at the so-called Dirac crossing energy E D , which at the normal half-filling condition coincides with the Fermi level (E F ), resulting in a pointlike metallic Fermi surface (Fig. 2E) .
Strictly speaking, undoped graphene is a semimetal because although there is a state crossing at E D 0 E F , the density of states there is zero and conduction is possible only with thermally excited electrons at finite temperature. In applying an effective mass description for the VB and CB (7), one arrives at a formal equivalence between the resulting differential equation and the Dirac equation, hence charge carriers in the vicinity of E F may be termed BDirac fermions[ (with the crossing point at K being named the Dirac point). Moreover, the particular band structure at the BZ boundary (that is, a linear dispersion) leads to an effective mass m* 0 0 at the point where the VB and CB meet. The peculiar band structure in ultrathin graphite layers results in a number of unusual electronic transport properties, such as an anomalous quantum Hall effect (4-6, 10).
The graphene band structure is sensitive to the lattice symmetry. If the hexagonal layer structure is composed of nonequivalent elements, such as in boron nitride, the lateral, in-plane symmetry is broken, resulting in the formation of a large gap between p and p* states (11) . The symmetry can also be broken with respect to the c axis by stacking two graphene layers in Bernal stacking (the stacking fashion of graphite) as suggested by McCann and Fal_ko (12) (Fig. 1B) . Because the unit cell of a bilayer contains four atoms, its band structure acquires two additional bands, p and p* states, in each valley split by interlayer (A-B) coupling, and two lower energy bands. If the individual graphene layers in a bilayer are rendered inequivalent (Fig. 1C) , then an energy gap between low-energy bands forms at the former Dirac crossing point (12) . Provided that the charge state is such that E F lies within the gap, a semimetal-toinsulator transition occurs. If this symmetry breaking could be controlled externally, the electronic conductivity would change through this transition, suggesting that a switch with a thickness of two atomic layers could be constructed.
To see whether this gedanken experiment can be realized, we synthesized bilayer graphene
